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Endotoxin-treated mice exhibit a rapid rise in the level of the serum amyloid A
(SAA) protein, but this effect is not observed in endotoxin-resistant C3H/HeJ
mice. To evaluate the role of lymphoid cells in the production of SAA protein,
C3H/HeJ mice were adoptively transfused with endotoxin-sensitive (C3H/HeN)
bone marrow cells. After such adoptive transfer, endotoxin treatment ofC3H/HeJ
mice resulted in high serum levels of SAA protein. The ability of chimneric mice
to make SAA protein correlated with the presence of endotoxin-sensitive B
lymphocytes and macrophages. These findings suggest that lymphocytes and/or
macrophages play an important role in initiating SAA protein synthesis after
endotoxin treatment and suggest a possible mechanism by which chronic infection
or inflammation leads to amyloidosis.

Secondary amyloidosis typically occurs as the
result of chronic inflammatory diseases such as
rheumatoid arthritis and leprosy and is charac-
terized by the tissue deposition of the fibrilar
amyloid protein AA. The serum amyloid A pro-
tein (SAA), which is thought to be a precursor
of the tissue protein AA, is acutely elevated after
treatment of mice with amyloidosis-inducing
agents such as casein or endotoxin (lipopolysac-
charide [LPS]) (9). Although the cellular origin
of this protein is unknown, Linder et al. dem-
onstrated its presence within cultured fibro-
blasts (8), whereas other studies reported that
the liver was the first organ in which AA-like
material could be detected during an acute-
phase response to intraperitoneal LPS (9). These
findings suggest that SAA might be a product of
fibroblasts or hepatocytes. However, there is
considerable evidence implicating the reticulo-
endothelial system in the pathogenesis of sec-
ondary amyloidosis (15), and most substances
capable of elevating serum protein SAA and
producing this disease are B-lymphocyte mito-
gens and/or macrophage activators (1, 9, 13).
These findings suggest that lymphoid cells might
also be involved at some stage in the production
of SAA protein.
The C3H/HeJ mouse strain has been found

to be resistant to all known biological effects of
endotoxin (11). This unresponsiveness appears
to be due to the LPS hyporeactivity of most of
its cells, including B lymphocytes (11), T lym-
phocytes (7), macrophages (3), and fibroblasts
(12). These mice exhibit a diminished elevation
ofserum protein SAA after endotoxin treatment

(9). We have recently demonstrated the feasibil-
ity of selectively reconstituting the lymphoid cell
reactivity of C3H/HeJ mice to endotoxin by the
adoptive transfer of spleen cells derived from
histocompatible but endotoxin-responsive
(C3H/HeN) mice (4). In addition to developing
endotoxin-responsive B cells and macrophages,
these chimeric mice also become sensitive to the
lethal effects of endotoxin. Since all of the cells
and tissues except for the lymphoid cells of these
chimeric mice presumably remain endotoxin un-
responsive, they are a valuable model for deter-
mining the contribution of specific lymphoid cell
types to the in vivo effects of endotoxin. If pro-
tein SAA were produced as a result of the direct
interaction of endotoxin with fibroblasts or hep-
atocytes, then chimeric C3H/HeJ mice should
remain unresponsive to this effect. If, on the
other hand, lymphocytes or macrophages were
involved, then chimeric C3H/HeJ mice should
exhibit elevated protein SAA levels after treat-
ment with endotoxin. We therefore tested the
SAA protein response of chimeric C3H/HeJ
mice to LPS.
Four groups of mice were tested: (i) C3H/HeJ;

(ii) C3H/HeN; (iii) CeH/HeJ mice that were
irradiated and reconstituted with C3H/HeJ
bone marrow (B.M.) (C3H/HeJ. +- C3H/HeJ
B.M.); and (iv) C3H/HeJ mice that were irra-
diated and reconstituted with LPS-sensitive
C3H/HeN bone marrow cells (C3H/HeJ.
+- C3H/HeN B.M.). Three mice in each group
received either saline or Escherichia coli K235
(Ph) LPS intraperitoneally, and the serum levels
of SAA protein were determined 18 h later.
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C3H/HeJ mice did not exhibit a significant ele-
vation of SAA protein except at the highest
concentration of LPS (50 ,ug/mouse) (Fig. 1).
The control chimeric mice (C3H/HeJ. 4-

C3H/HeJ B.M.) responded like the C3H/HeJ
mice. In contrast, the LPS-responsive chimeric
mice (C3H/HeJ. +- C3H/HeN B.M.) exhibited

almost a 20-fold rise in SAA levels after receiving
only 0.5 ,ig of LPS. This response was almost
identical to that of the C3H/HeN mice.
To demonstrate a correlation between the

presence of LPS-sensitive lymphoid cells and
the ability to produce SAA protein in response
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FIG. 1. LPS-induced SAA protein production in

chimeric C3H/HeJ mice. Female C3H/HeN (Division
ofResearch Resources, National Institutes ofHealth)
and C3H/HeJ (Jackson Laboratories, Bar Harbor,
Maine) mice were maintained on autoclaved bedding
in a laminar-flow unit from the age of 6 weeks and
were fed autoclaved food and sterile acidified water
ad libitum. For adoptive transfer, 12-week-old
C3H/HeJ mice were given 700 R of X-irradiation
followed within 3 h by the intravenous injection of 10

106 C3H/HeJ (C3H/HeJ, +- C3H/HeJ B.M.) or

C3H/HeN (C3H/HeJ. +- C3H/HeN B.M.) bone

marrow cells. Four to six weeks after adoptive trans-
fer, mice were injected intraperitoneally with endo-
toxin prepared from E. coli K235 by thephenol water
extraction procedure ofMcIntire et al. (10). Eighteen
hours later mice were exsanguinated from the heart
and serum was collected by centrifugation. Samples
were frozen at -20°C until used. Protein SAA was

measured by using apreviously described solid-phase
radioimmunoassay (14). Results represent the arith-
metic mean ± standard error ofthree individual mice
in each group.

to LPS, both the B cells and the macrophages
of selected chimeric or control mice were tested
for their response to LPS in vitro. The LPS-
sensitive (C3H/HeJ. +- C3H/HeN B.M.) chi-
meric mice contained a full complement of LPS-
sensitive B cells as well as macrophages, since
the degree of responsiveness of their cells was
identical to that of the C3H/HeN mice (Table
1). The LPS-unresponsive (C3H/HeJ. +-

C3H/HeJ B.M.) control chimeric mice did not
contain significant numbers of LPS-sensitive B
cells or macrophages and were similar to the
C3H/HeJ mice.
Thus, we have found that C3H/HeJ mice

exhibited a nearly normal LPS-induced eleva-
tion of SAA protein after the adoptive transfer
of C3H/HeN bone marrow cells. The ability to
produce SAA protein correlated with the pres-
ence of LPS-sensitive B lymphocytes and mac-
rophages in these chimeric mice. These findings
strongly suggest that lymphocytes and/or mac-
rophages play an important role in the SAA
protein response.
We cannot be certain which cell type is re-

sponsible for initiating SAA protein production
in response to endotoxin. Since both B cells and
macrophages are LPS sensitive, and since both
cell types are present in chimeric mice, it is
impossible to implicate either one from available
data. CBA/N mice have a selective abnormality

TABLE 1. Analysis of B-cell and macrophage LPS
responsiveness of chimeric C3H/HeJ mice

LPS responsivenessb of:

Micea B cells (Acpm of
[3H]TdR incorpo- Macrophages

rated/8 x 105 (% killed)
spleen cells)

C3H/HeJ 831 ± 95 4.5 ± 0.5
C3H/HeN 29,370 ± 2,720 61.5 ± 4
C3H/HeJ. 1,618 ± 302 4.0 ± 0.5
(+-C3H/HeJ
B.M.)

C3H/HeJ. 34,943 ± 3,048 59.0 ± 3
(*-C3H/HeN
B.M.)
a Selected mice from each group of chimeric or

control animals were injected intraperitoneally with 3
ml of sterile thioglycolate broth, and 6 days later their
spleens and peritoneal exudate cells were removed. B-
lymphocyte LPS sensitivity was determined by mea-
suring the in vitro mitogenic response of spleen cells
to 5 ,tg of E. coli K235 LPS (Ph) per ml (11).

bAcpm = counts per minute in LPS-stimulated
cultures - counts per minute in control cultures. TdR,
Thymidine. Macrophage LPS sensitivity was deter-
mined by measuring the in vitro cytotoxic effects of 50
jig of E. coli K235 (Ph) per ml on peritoneal macro-
phages (3). Results represent the arithmetic means ±
standard error of three mice in each group.
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in B-cell LPS unresponsiveness but have mac-
rophages that are normally LPS sensitive (D. L.
Rosenstreich, S. N. Vogel, A. Jacques, L. M.
Wah, L. Scher, and S. E. Mergenhagen, J. Im-
munol., in press). Therefore, the fact that these
mice make normal levels of SAA protein in
response to LPS (9) suggests, but does not prove,
that the macrophage rather than the B cell may
be responsible for this effect.
Other acute-phase serum proteins such as C-

reactive protein are produced by fibroblasts or
hepatocytes (6). If the SAA protein is also pro-
duced by fibroblasts or hepatocytes, as suggested
by others, our data show that the synthesizing
cell may not itself need to be sensitive to the
effect of LPS. A population of lymphocytes or
macrophages which react to LPS may in turn
induce the synthesis of the protein.
We can only speculate about the mechanis

that result in production of SAA protein in re-
sponse to LPS. Activated lymphoid cells release
lymphokines that stimulate fibroblasts to pro-
duce collagenase and prostaglandins (2). We
would hypothesize that endotoxin interacts with
either B cells or macrophages in the host, caus-
ing a release of a lymphokine or monokine. This
factor would then activate the synthesizing cell
to elicit SAA protein production in endotoxin-
treated mice. The development of casein-in-
duced amyloidosis in normal mice can be accel-
erated by the adoptive transfer oflymphoid cells
from mice which had been previously immu-
nized with casein (5). In this system, it is likely
that the interaction of antigen with immune
lymphoid cells induces lymphokine production,
which in turn causes the release ofSAA protein.
The findings presented in this report may there-
fore help explain the relationship between
chronic inflammation and the development of
secondary amyloidosis.

ACKNOWLEDGMENTS

We thank G. G. Glenner and J. D. Sipe for their help and
advice in the radioimmunoaasay for SAA. We also thank L.
M. Glode, whose suggestions led to this study, and A. Jacques
for technical assistance.

NOTES 183

LITERATURE CITED
1. Britton, S. 1975. Experimental amyloidosis: the inducer

is a polyclonal B-cell activator to which susceptibility
is under genetic control. J. Exp. Med. 142:1564-1569.

2. Dayer, J., D. R. Robinson, and S. IL Krane. 1977.
Prostaglandin production by rheumatoid synovial cells.
J. Exp. Med. 145:1399-1404.

3. Glode, L M., A. Jacques, S. E. Mergenhagen, and D.
L Rosetreich. 1977. Resistance of macrophages
from C3H/HeJ mice to the in vitro cytotoxic effects of
endotoxin. J. Immunol. 119:162-166.

4. Glode, L ML, S. E. Mergenhagen, and D. L Rosen-
streich. 1976. Significant contribution of spleen cells in
mediating the lethal effects of endotoxin in vivo. Infect.
Immun. 14:626-630.

5. Hardt, F., and P. Ranlov. 1976. Transfer amyloidosis.
Int. Rev. Exp. Pathol. 16:273-334.

6. Hurlimann, J., G. J. Thorbecke, and J. ML Hochwald.
1966. The liver as the site of C-reactive protein forma-
tion. J. Exp. Med. 123:365-378.

7. Koenig, S., M. K. Hoffinann, and L Thomas. 1977.
Induction of phenotypic lymphocyte differentiation in
LPS unresponsive mice by an LPS-induced serum fac-
tor and by lipid-A-associated protein. J. ImmunoL 118:
1910-1911.

8. Under, E., R. F. Anders, and J. B. Natvig. 1976.
Connective tissue origin of the amyloid-related protein
SAA. J. Exp. Med. 144:1336-1346.

9. McAdam, K. P. W. J., and J. C. Sipe. 1976. Murine
model for human secondary amyloidosis. Genetic vari-
ability of the acute-phase serum protein SAA response
to endotoxins and casein. J. Exp. Med. 144:1121-1127.

10. Mcintire, F. C., H. W. Sievert, G. H. Barlow, R. A.
Finley, and A. Y. Lee. 1967. Chemical, physical and
biological properties of a lipopolysaccharide from Esch-
erichia coli K-235. Biochemistry 6:2362-2372.

11. Rosenstreich, D. L., L. ML Glode, L. M. WahL, A. L.
Sandberg, and S. E. Mergenhagen Analysis of the
cellular defects of endotoxin-unresponsive C3H/HeJ
mice, p. 314-320. In D. Schlessinger (ed.), Microbiol-
ogy-1977. American Society for Microbiology, Wash-
ington, D.C.

12. Ryan, J. L, and K. P. W. J. McAdam. 1977. Genetic
nonresponsiveness of murine fibroblasts to bacterial
endotoxin. Nature (London) 269:153-154.

13. Scheinberg, M. A., and E. S. Cathcart. 1974. Casein-
induced experimental amyloidosis. HI. Response to mi-
togens, allogeneic cells, and graft-versus-host reactions
in the murine model. Immunology 27:953-963.

14. Sipe, J. D., T. F. Ignaczak, P. S. Polloc, and A. A.
Glenner. 1976. Amyloid fibril protein AA: purification
and properties of the antigenically related serum com-
ponent as determined by solid phase radioimmunoas-
say. J. Immunol. 116:1161-1156.

15. Teilum, G. 1964. Pathogenesis of amyloidosis. The two
phase cellular theory of local secretion. Acta Pathol.
Microbiol. Scand. 61:21-45.


